SMAD7 is a general antagonist of TGF-b signaling and has been found to be involved in cardiogenesis in mouse models, but its role in human congenital heart disease (CHD) has yet to be investigated. To examine if SMAD7 is associated with CHD, we conducted a case-control study in the Han Chinese population. Exon1 and exon4 of SMAD7, which encode the functional MH1 and MH2 domains, were directly sequenced in 1,201 sporadic CHD patients and 1,116 control individuals. A total of 18 sequence variations were identified. Two common variants rs3809922 and rs3809923 are located at exon4 of SMAD7, and were found in strong linkage disequilibrium with each other (r 2 = 0.93). We analyzed the association of these two loci with CHD in 3 independent subgroup case-control studies, and found that in some subgroups, rs3809922 and rs3809923 were significantly associated with CHD through genetic model analysis. In the combined data set, TT genotype in rs3809922 significantly increased the risk of CHD compared with CC and CT, while GG genotype in rs3809923 significantly increased the risk of CHD compared with CC and CG, particularly in the recessive model. In addition, haplotype analyses showed that haplotype TG significantly increased the risk of CHD (P = 6.9610 26 ); this finding supports the results from the analyses based on single locus. According to data from the 1000 Genomes Project, the frequencies of the two risk alleles varied greatly between populations worldwide, which indicate the identified associations might have a population difference. To our knowledge, this is the first report that genetic variants in SMAD7 influence susceptibility to CHD risk.
Introduction
Cardiac morphogenesis involves acute spatial and temporal regulation of numerous factors and signal pathways. Any disturbance to this finely regulated, complex process may lead to the occurrence of heart defects [1] . Congenital heart disease (CHD) is one of the most common birth defects worldwide and is the leading cause of mortality and morbidity in newborns. CHD occurs in approximately 1-8% of live births and is responsible for approximately 10% of infant deaths [1] [2] [3] . Great efforts have been made during the past decade to elucidate the pathogenesis of CHD. It is generally accepted that CHD has a genetic component and that environmental factors also contribute to disease etiology [4, 5] ; however, the underlying mechanisms remain largely obscure.
SMAD7 is a nuclear transcription factor induced by TGF-b and acts as an intracellular inhibitor of TGF-b signaling through many mechanisms via a negative feedback loop [6, 7] . In addition, SMAD7 acts as a mediator of cross-talk between TGF-b and other signaling pathways [8] . These processes are finely regulated, and abnormal expression of SMAD7 has been proved to affect a variety of human diseases, such as various tumorigenesis, tissue fibrosis, and intestinal inflammation [9] [10] [11] [12] [13] [14] .
SMAD7 contains two functional mad homology (MH) domains linked by a non-conserved linker region. The MH1 domain is located at the N-terminus and the MH2 domain is located at the C-terminus. Truncated SMAD7 lacking the C-terminal MH2 domain is unable to promote myogenic differentiation [15] . Studies of mice deficient in Smad7 demonstrated the critical roles this protein played in heart homeostasis. Chen et al. reported that most Smad7 homozygous mutant mice lacking the MH2 domain died in utero due to severe defects in cardiovascular development, such as ventricular septal defects and outflow tract malformation; however, deletion of exon1 did not manifest a different heart phenotype [16] . Over-expression of Smad7 also results in congenital cardiovascular defects [17] . Therefore, SMAD7 is essential for cardiac development. It is assumed that SMAD7, especially the MH2 domain, is associated with an increased risk of human CHD, but no research has been conducted to explore this hypothesis as yet.
Ongoing researches demonstrate that variations in genes contribute to the occurrence of CHD to a large degree [4] . Thus, we carried out a case-control study in a large Han Chinese population (n = 2,317) to examine if SMAD7 was associated with CHD. We found that two highly linked SNPs, rs3809922 and rs3809923, were associated with an increased risk of CHD, especially with septation defects, the main CHD subtype. These results established common genetic variations of SMAD7 as susceptibility loci for CHD for the first time and further analysis indicated that the association might be population specific. Our study provided new insight into the development of congenital heart defects.
Materials and Methods

Ethics Statement
Written informed consent from the parents or guardians of the children was obtained. Protocols used in this work were reviewed and approved by the Ethics Committee of the School of Life Sciences, Fudan University prior to the commencement of the study.
Study population
Samples from a total of 1,201 CHD patients (mean age 6.568.3 years, 48.3% female) were collected from different regions across China, between August 2008 and May 2011. Of these, 601 CHD samples were from the Cardiovascular Disease Institute of Jinan Military Command (Jinan, Shandong Province, China), 456 were from the Children's Hospital of Fudan University (Shanghai, China), and 144 were from the Second Hospital of Anhui Medical University (Hefei, Anhui province, China). Routine clinical diagnoses were conducted, and patients with a variety of CHD symptoms were recruited while individuals with syndromes were excluded. The age at diagnosis ranged from a few hours after birth to the teens. Detailed diagnosis information for the patients was shown in Table S1 . Septation defects are the most frequently occurring type of CHD. Notably, ventricular septal defect (VSD) is the most common subtype of CHD in China and accounts for approximately 42% of the total cases in our study. The 1,116 controls, (mean age 5.969.7 years, 42.2% female) with no heart related or other serious diseases, were recruited from the same geographic area during the same time period and were matched with the CHD cases for age and sex. All subjects were genetically ethnic Han Chinese.
Direct sequencing of human SMAD7 gene in the coding regions
The human SMAD7 gene (NM_005904.3), mapping to 18q21.1, contains 4 exons and encodes a nuclear protein with 426 amino acids ( Figure 1 ). Exon2 and exon3 of SMAD7 encode the nonconserved linker region, while exon1 and exon4 encode the conserved MH1 and MH2 functional domains which are pivotal for specific inhibition of TGF-b signaling. Therefore, we selected exon1 and exon4 as the target for sequencing.
Whole blood was collected from each study individual. Genomic DNA was extracted using standard methods and quantified using a NanoDrop2000 (Thermo Scientific, Wilmington, DE, USA). Exon1 and exon4 of SMAD7 were amplified by polymerase chain reaction (PCR). The online software Primer3 (v. 0.4.0) was used to design the PCR primers. Primers are listed in Table S2 and reaction conditions are available upon request. BigDye Terminator v3.1 was used for the direct sequencing reaction according to the manufacturer's instructions (Applied Biosystems, Carlsbad, CA, USA). Samples were processed on an automated 3730 sequencer (Applied Biosystems, Carlsbad, CA, USA), and the results were analyzed using Sequence Scanner v1.0 and DNAStar software.
Statistical analysis
We used R (version 2.13) and PLINK [18] to conduct most of the statistical analyses in this study. x 2 test was performed to assess Hardy-Weinberg Equilibrium (HWE). We applied the commonly used statistic tests in this study in order to find the best model to explain the genetic mechanism. We evaluated the association of each variant in SMAD7 with CHD via five genetic models of inheritance, including recessive, dominant, multiplicative (allelic), genotypic and additive models [19] . In the recessive model, individuals that were homozygous for risk alleles were coded as 1, while other genotypes were coded as 0. In the dominant model, individuals carrying at least one risk allele were coded as 1, and those who were homozygous for two non-risk alleles were coded as 0. In the multiplicative model, the total number of risk and nonrisk alleles was compared between cases and controls, regardless of the genotypes of the individuals carrying the alleles. The genotypic model treated each genotype with different susceptibility, and we coded them as 0, 1 and 2 to represent the number of risk alleles they carried. We used the x 2 test to evaluate whether there was significant difference between cases and controls under the recessive, dominant, multiplicative and genotypic models. In the additive model, the increased disease risk of genotype carrying one risk allele is half of that for homozygous of risk alleles, and the Cochran-Armitage test for trend was conducted for evaluating the difference between case and control in this model. We calculated the odds ratios (OR) and 95% confidence intervals (CIs) under each model. PHASE [20] was used to infer the haplotypes, and we conducted an association analysis based on the inferred haplotypes. In the haplotype analyses, we treated the most common haplotype in control as the reference allele. Statistical analyses on the haplotypes were performed in a similar way to that on single locus.
Results
Identification of human SMAD7 variations
We identified 18 genetic variants by direct sequencing of SMAD7 in a total of 2,317 individuals, including 1,201 patients with pathologically confirmed CHD and 1,116 matched control subjects (Table 1) . Two synonymous polymorphisms, rs3809922 (c.894C.T, p.L298L) and rs3809923 (c.1206C.G, p.G402G), were common variants with minor allele frequencies (MAF) greater than 0.1 in both cases and controls. The other variations in the coding region were rare mutations (MAF,0.005), including five synonymous mutations and one non-synonymous mutation only found in the CHD population, three synonymous and five non-synonymous mutations only found in the control population and one synonymous mutation found in both case and control populations. A variant in the 39UTR (rs181999754) adjacent to exon4 was also identified in both CHD and control populations. Multiple alignment of the six non-synonymous mutations identified in SMAD7 showed that these mutations were conserved in mammals ( Figure S1 ).
Statistical result
Here, we focused on analysis of the two common variants, rs3809922 and rs3809923. They were located in exon4 of SMAD7, which encodes the MH2 functional domain. These two loci were in strong linkage disequilibrium (LD) with each other according to the sequencing result (r 2 = 0.93) and were both in Hardy-Weinberg Equilibrium in the control population (Table S3) .
We firstly analyzed the risk association of rs3809922 and rs3809923 with CHD using five different genetic models in 3 independent case-control pairs. The results indicated that, compared with CC and CT, the rs3809922 TT genotype was significantly associated with CHD in both the recessive and genotypic models in Shanghai group, while there was no such association in Shandong and Anhui group (Table 2) . Nevertheless, the combined data of the 3 groups lead to increased statistical power and found more significant association, and in particular, the P-values were extremely low in the recessive model in which two copies of T significantly increase the risk of CHD (P = 0.0096), with OR 2.04 (95% CI = 1.18-3.52). As for rs3809923, the GG genotype was significantly associated with CHD in the recessive model in both Shandong and Shanghai group. In the combined analysis, the rs3809923 GG genotype, compared with CC and CG, was significantly associated with CHD in the recessive model, as well as the general genotypic, multiplicative and additive models (Table 3 ). In particular, in the combined data set, two copies of G significantly increase the risk of CHD (P = 0.0023), with OR 2.23 (95% CI = 1.32-3.77).
Septation defects, such as ventricular septal defects and atrial septal defects, were the most prevalent subtypes of CHD worldwide [3] , and in our samples they account for nearly 70% of the total cases. When the subtypes of CHD were considered, both rs3809922 and rs3809923 were significantly associated with septation defects in the recessive, genotypic, multiplicative and additive models (Table 4) . We did not find any risk association between the two loci and other CHD subtypes; this may be partly due to the limited sample size of other CHD subtypes (data are available on request). In addition, we inferred the haplotypes of the two linked variants (rs3809922 and rs3809923) using PHASE [20] . The result showed that haplotype TG significantly increased the risk of CHD (P = 6.9610 26 ), with OR 2.13 (95% CI = 1.53-2.97) ( Table 5 ). Other haplotypes did not show any association.
Discussion
TGF-b signaling mediated by SMADs is critical for a great many cellular and developmental processes and plays a key role in embryogenesis and tissue homeostasis [21] . Recent studies have shown that TGF-b signaling is essential for the function of the cardiovascular system and in particular, SMAD6 has been reported to be associated with human congenital cardiovascular malformation [22] . Smad7 is critical for heart development in mouse models [16, 17, 23, 24] . Therefore, it was hypothesized that SMAD7 might be associated with the risk of congenital heart defects in humans. Here, we provide evidence supporting this assumption.
We performed a large case-control study to test the hypothesis that variants in SMAD7 are associated with CHD, and initially identified that alleles in two genetic variants of SMAD7 (rs3809922 and rs3809923) were significantly associated with susceptibility for CHD in the Han Chinese population. Both allele T in rs3809922 and allele G in rs3809923 were risk factors, especially when analyzed with a recessive model ( Table 2 and Table 3 ). The association was more significant when the septation defects subtype was considered (Table 4 ). Further analysis of the haplotypes showed that the haplotype TG was significantly enriched in CHD cases. This result was essentially consistent with the analysis based on each single locus (Table 5) .
Although both of the associated variants were silent polymorphisms that did not alter the encoded SMAD7 protein, the possibility of the variations affecting SMAD7 at the mRNA level could not be ruled out [25] [26] [27] . Synonymous SNPs may influence the transcriptional efficiency or later stability of mRNA and may ultimately affect protein expression. Previous studies demonstrated that over expression of SMAD7 led to tumorigenesis by disturbing TGF-b induced apoptosis, while deletion of Smad7 increased apoptosis in the hearts of mutant mice [16, 17] . Furthermore, while the majority of homozygous mutant mice with a deletion of the MH2 domain died in utero due to various cardiovascular defects (such as VSD and outflow tract malformation), deletion of the MH1 domain of SMAD7 did not cause changes to the cardiovascular phenotype [16] . The MH2 domain of SMAD7 is important for the inhibition of TGF-b signaling [28] , and both rs3809922 and rs3809923 are located at the MH2 domain. They may disrupt TGF-b signaling by affecting SMAD7 expression, thus impairing normal cardiac development and contributing to CHD predisposition.
Alternatively, these variants may not cause the disease themselves but may be in LD with other or unknown disease- Table 2 . Association of SMAD7 rs3809922 variant with CHD in 3 independent case-control studies.
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Genetic All the P-values were calculated based on the x 2 except the ones specifically indicated. OR, odds ratio; CI, confidence interval; NA = not available; # , degrees of freedom = 2; *, P-value was calculated based on Cochran-Armitage test. Variants in SMAD7 Are Associated with CHD PLOS ONE | www.plosone.orgcausing variations in the regulatory region of SMAD7. For example, a novel variant mapping to the enhancer of SMAD7 was found to be in LD with the colorectal cancer risk variant rs4939827 (intron 3) identified in a GWAS study; this variant proved to be functional in transcription factor binding and gene expression [9, 11] . Furthermore, because single variant is unlikely to have a large impact on the expression of a transcript, gene variants may increase disease risk by interacting with other potential risk alleles. We used haploview [29] to infer regions in strong LD with rs3809922 and rs3809923 based on Han Chinese data from the 1000 Genomes Project. The genomic regions were extended approximately 50 Kb around the two variants (Figure S2) . We found an approximately 10 Kb region that was in extremely strong LD with the two risk alleles (Figure 2) . Future challenges will be to determine whether the associated SNPs play Table 3 . Association of SMAD7 rs3809923 variant with CHD in 3 independent case-control studies.
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Genetic functional roles in susceptibility to CHD and elucidate the mechanism by which genetic variants influence CHD risk.
We also analyzed the variants status of rs3809922 and rs3809923 based on data from the 1000 Genomes Project. The result showed that the allele frequencies of these two variants varied greatly in different populations (Table 6 ). In European and Africa populations, the risk allele frequencies were particularly low or the loci were monomorphic. However, the frequencies of the two risk alleles were comparatively high in East Asian population, and the risk allele frequencies of CHB (Han Chinese in Beijing, China) and CHS (Han Chinese South) populations are similar to the result observed in the control population in this study (Table 6 and Table S3 ). Given this finding, we hypothesized that there might be population or regional differences in susceptibility for CHD for rs3809922 and rs3809923 variants. In summary, by direct sequencing of SMAD7 in a large Han Chinese population, we identified two coding sequence variants which contributed to CHD risk. Our study linked variations in the TGF-b signaling component to human cardiovascular defects, and provides evidence for a 'common-disease common-variant' model of CHD predisposition. Identification of these risk loci provides a new perspective on CHD causation. Considering the important role of SMAD7 in cardiac development in early embryos and normal cardiac function in adults, investigation of the mechanisms by which these genetic variants affect CHD risk could provide opportunities to develop new diagnostic and therapeutic strategies. Figure S1 Sequence alignment of SMAD7 non-synonymous mutations identified in this study.
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